INTRODUCTION
============

The activating transcription factor (ATF) 4, which is composed of 351 amino acids, is a member of the ATF/CREB (cAMP Response Element Binding) protein family. It could function interestingly as either a transcriptional activator or a repressor ([@b1-bmb-51-388], [@b2-bmb-51-388]). It is also known to act as a protective factor that mediates the adaptation of cells to stressors such as endoplasmic reticulum (ER) stress and nutrient deprivation ([@b3-bmb-51-388]). These stressors induce ATF4 expression, resulting in the activation of the unfolded protein response (UPR) pathway, which in turn increases the translation of ATF4 but reduces global protein synthesis ([@b1-bmb-51-388], [@b4-bmb-51-388], [@b5-bmb-51-388]). ATF4 is capable of forming both homodimers and heterodimers ([@b6-bmb-51-388]). The N-Terminus of ATF4, which is called the p300 interaction site, functions as a transcriptional activation domain and is implicated in protein stability as well ([@b7-bmb-51-388]--[@b9-bmb-51-388]). A basic-leucine zipper (bZIP) domain is located in the C-Terminus of ATF4 and is known to interact with DNA ([@b6-bmb-51-388], [@b10-bmb-51-388]). The leucine zipper of the bZIP domain contains alpha helices with leucine residues that mediate dimerization with a parallel leucine zipper domain ([@b11-bmb-51-388]). ATF4 can be localized to the nucleus by a nuclear localization signal sequence KKLKK (amino acids 280 to 284) in the basic region ([@b12-bmb-51-388]). The expression of ATF4 could be stimulated or blocked by viral infection, causing either an increase or decrease in viral production ([@b13-bmb-51-388]--[@b21-bmb-51-388]). Infection with the human cytomegalovirus (HCMV) activates the UPR pathway, and the HCMV proteins activate ATF4 expression ([@b13-bmb-51-388], [@b14-bmb-51-388]). The transcriptional activity and thus the production of the murine cytomegalovirus (MCMV) are known to be mediated by the binding of ATF4 to DNA and the subsequent activation of transcription ([@b15-bmb-51-388]). Dengue virus (DENV) can also increase the expression of ATF4 in the nucleus ([@b16-bmb-51-388]). The infectious bronchitis virus (IBV), which is a coronavirus, induces ATF4 expression at early stages of infection ([@b17-bmb-51-388]). It is also known that ATF4 expression is induced by the human herpesvirus 8 (HHV-8), resulting in the upregulation of HHV-8 production ([@b18-bmb-51-388]). On the other hand, several studies have shown that the expression of ATF4 could be blocked by certain types of viruses, such as myxoma virus (MXMV) ([@b19-bmb-51-388]), chikungunya virus (CHIKV) ([@b20-bmb-51-388]), and herpes simplex virus-1 (HSV-1) ([@b21-bmb-51-388]).

In acute infections with HIV, ATF4 accumulates ([@b22-bmb-51-388]). ATF/CREB proteins can bind to a region on the HIV-1 LTR ([@b23-bmb-51-388], [@b24-bmb-51-388]) and thereby increase HIV-1 LTR activation and replication synergistically with the viral protein Tat ([@b22-bmb-51-388]). In addition, ATF4 interacts with the Tax protein of the human T cell leukemia virus (HTLV-1) and regulates LTR activation ([@b25-bmb-51-388]). Thus, ATF4 appears to have a positive role in regulating HIV-1, but the exact molecular mechanism of ATF4-mediated HIV-1 activation still remains to be determined. To address this knowledge gap, we examined the effect of the overexpression of wild type ATF4 and its various derivatives on the production of HIV-1 through transfection experiments of HIV-1 proviral DNA. We have also determined through ATF4 knock-down study that ATF4 is a functional positive factor in HIV-1 production.

RESULTS AND DISCUSSION
======================

ATF4 is functionally required in HIV-1 production
-------------------------------------------------

To examine first whether ATF4 is required in HIV-1 production, we transfected siATF4 into 293T cells in varying doses. Lysates from the transfected cells were subjected to SDS-PAGE and immunoblot analysis using anti-ATF4 and anti-GAPDH antibodies as probes. ATF4, with a molecular weight of 50 kDa, was determined. Based on the observed band intensities, ATF4 expression was found to decrease with increasing concentrations of siATF4 ([Fig. 1A](#f1-bmb-51-388){ref-type="fig"}). Next, we knocked down ATF4 expression using siRNA to investigate the effect of ATF4 on HIV-1 replication and infection. We transiently transfected 293T cells with 250 ng of pNL4-3/GFP, 100 ng of the RFP expression plasmid (pDs-red expression N1, internal control), and varying concentrations of siATF4. Virus production was assessed by measuring the amount of HIV-1 p24 antigen in constant volumes of viral supernatants from the transfected cells through an enzyme-linked immunosorbent assay (ELISA). The relative production of p24 decreased with increasing concentrations of siATF4 ([Fig. 1B](#f1-bmb-51-388){ref-type="fig"}). To confirm the effect of siATF4 on HIV-1 production, cell lysates and viral supernatants were subjected to SDS-PAGE and immunoblot analysis using anti-p24, anti-GFP, anti-β-actin, and anti-RFP antibodies as probes ([Fig. 1C](#f1-bmb-51-388){ref-type="fig"}). The intensity of the band corresponding to the viral p24 decreased with increasing concentrations of siATF4. Additionally, the intensities of the bands corresponding to p55, GFP, and p24 were consistent with those in previous data. In order to further characterize the effect of siATF4 on virus production, we re-infected fresh MT-4 cells with constant volumes of viral supernatant from 293T cells with knocked down ATF4 expression. Using an inverted fluorescent microscope, we observed that the GFP signal in MT-4 cells decreased with increasing concentrations of siATF4 ([Fig. 1D](#f1-bmb-51-388){ref-type="fig"}). We then quantified the cells using FACS. The number of GFP-positive cells was dramatically reduced when the concentration of siATF4 was increased ([Fig. 1E](#f1-bmb-51-388){ref-type="fig"}). Our data showed that ATF4 strongly inhibits HIV-1 production. These results suggest that ATF4 is necessary in the regulation of the HIV-1 life cycle.

Analysis of the effect of ATF4 and its derivatives on HIV-1 LTR activation
--------------------------------------------------------------------------

To investigate the functional roles of ATF4 in the HIV-1 life cycle, we generated several derivative constructs of ATF4 ([Fig. 2A](#f2-bmb-51-388){ref-type="fig"}). To determine the ATF4 domains that are functionally important in HIV-1 LTR-mediated transcription, we employed a previously described EGFP reporter gene assay ([@b22-bmb-51-388]). The expression of the EGFP reporter gene was regulated by the U3 promoter derived from HIV-1. We transiently transfected 293T cells with U3RU5/EGFP, Tat control vector, RFP expression vector as transfection control, Flag/ATF4 derivatives, or Flag control vector for 24 h. Subsequently, we analyzed the GFP and RFP signals from the transfected cells using an inverted fluorescent microscope. The levels of transcriptional activity in cells transfected with ATF4 derivatives were compared to those transfected with a Flag/Empty vector. All of the transfected cells showed nearly the same intensity of red fluorescence, indicating similar levels of transfection efficiency. Although the basal activity of the HIV-1 U3 promoter without HIV-1 Tat was very low, resulting in a weak GFP signal, the expression of wtATF4 increased relatively high GFP signal, as indicated in [Fig. 2](#f2-bmb-51-388){ref-type="fig"}. A previous study showed that wild type ATF4 increases HIV-1 LTR activity in the presence of Tat ([@b22-bmb-51-388]). The data obtained in the present study is consistent with this result. In the presence of Tat, wtATF4 and the ATF4 derivatives 86-351 and 86-280 showed significant increases in GFP expression. However, GFP expression was much higher in cells transfected with ATF4 1-280 than in cells transfected with other ATF derivatives ([Fig. 2B](#f2-bmb-51-388){ref-type="fig"}). To precisely compare the effects of the ATF4 derivatives on LTR activity, we conducted western blot analysis and normalized the density of the band corresponding to GFP to those of the bands corresponding to the internal control (RFP) and the ATF4 derivatives (GFP/RFP/ATF4). The result of this analysis showed that ATF4 1-280, 86-351, and 86-280 decreased LTR activity by approximately 40, 70, and 90%, respectively, relative to the LTR activity in cells with wild type ATF4 in the presence of Tat ([Fig. 2C, D](#f2-bmb-51-388){ref-type="fig"}). By comparing the HIV-1 LTR activity of various ATF4 deletion mutants, we found that amino acids 1-85, which comprise the transcription activation site ([@b7-bmb-51-388]), and amino acids 281-351, which comprise a DNA-binding motif ([@b6-bmb-51-388], [@b10-bmb-51-388]), may be responsible for HIV-1 LTR activation. It is well known that p300 interacts with ATF4 and HIV-1 Tat ([@b7-bmb-51-388], [@b26-bmb-51-388]). Additionally, it has been shown that p300/CBP and HIV-1 Tat have a synergistic effect on the transcriptional activation of the HIV-1 promoter ([@b27-bmb-51-388]). Thus, the p300 interaction site of ATF4 would have an important functional role in HIV-1 LTR activation, possibly by interacting with p300 and Tat. Members of the ATF/CREB protein family are known to bind to the HIV-1 LTR sequence and regulate gene expression ([@b28-bmb-51-388]). The C-terminal bZIP domain of ATF4 may contribute to the ability of ATF4 to bind to and regulate the expression of the HIV-1 LTR sequence. These results suggest that both ends of ATF4 contribute to HIV-1 LTR-driven transcriptional activation.

The N-terminal and C-terminal domains of ATF4 are required for HIV-1 LTR activation
-----------------------------------------------------------------------------------

To further confirm the effect of the ATF4 derivatives on HIV-1 LTR-mediated transcription activation, we used a firefly luciferase reporter gene system. As shown in [Fig. 2](#f2-bmb-51-388){ref-type="fig"}, the expression of the reporter gene is under the control of the HIV-1 U3 promoter. We transiently transfected U3RU5/Fluc (Firefly luciferase), Tat control vector, RFP expression vector, Flag/ATF4 derivatives, or Flag-tagged control vector into 293T cells for 24 h. The levels of transcriptional activity of the cells transfected with ATF4 derivatives were compared to those of cells transfected with the Flag/Empty vector. All transfected cells showed similar intensities of red fluorescence, indicating similar levels of transfection efficiency ([Fig. 3A](#f3-bmb-51-388){ref-type="fig"}). Western blot analysis ([Fig. 3B](#f3-bmb-51-388){ref-type="fig"}) revealed almost the same results as shown in [Fig. 2B](#f2-bmb-51-388){ref-type="fig"}. As shown in [Fig. 2C](#f2-bmb-51-388){ref-type="fig"}, we normalized the intensity of the band corresponding to firefly luciferase to those of the bands corresponding to the internal control (RFP) and ATF4 derivatives (Fluc/RFP/ATF4). These data indicate that the N-terminal domain of ATF4 contributes to LTR-mediated transcriptional activation.

The N-terminal domain of ATF4 strongly affects the late phase of HIV-1 production
---------------------------------------------------------------------------------

We then examined the effect of ATF4 on HIV-1 production using proviral DNA (pNL4-3/EGFP) as described previously ([@b26-bmb-51-388]). In this system, viral replication and expression can be detected by observing the EGFP signal in the cells transfected with the provirus. As shown in [Fig. 3B](#f3-bmb-51-388){ref-type="fig"}, all transfected cells showed nearly the same intensity of red fluorescence, indicating equal transfection efficiencies. Cells transfected with ATF4 derivatives had higher GFP intensities than cells transfected with the control ([Fig. 4A](#f4-bmb-51-388){ref-type="fig"}). We then assessed virus production by measuring the amount of HIV-1 p24 antigen in constant volumes of viral supernatants from transfected cells through an enzyme-linked immunosorbent assay (ELISA). The measured amounts of p24 were normalized against the transfection efficiency (RFP) ([Fig. 4B](#f4-bmb-51-388){ref-type="fig"}). Cells transfected with ATF4 derivatives had much higher p24 levels than cells transfected with the control. In particular, cells transfected with ATF4 1-280 had the highest amount of p24. We then conducted western blot analysis to compare the levels of p24 in the viral supernatants and p55 in the cell lysates. The results of the western blot analysis of the viral supernatants were consistent with the results of the ELISA. As shown in [Figs. 1](#f1-bmb-51-388){ref-type="fig"}[](#f2-bmb-51-388){ref-type="fig"}--[3](#f3-bmb-51-388){ref-type="fig"}, the protein expression levels of the ATF4 derivatives varied ([Fig. 4C](#f4-bmb-51-388){ref-type="fig"}). Therefore, we needed to compare the precise effects of the ATF4 derivatives on HIV-1 production in the same conditions. To exactly compare the virus production levels of the cells transfected with different ATF4 derivatives, we normalized the protein expression levels (p24/RFP/ATF4). The normalized levels were then compared to those of cells transfected with wtATF4. In [Fig. 4D](#f4-bmb-51-388){ref-type="fig"}, cells transfected with ATF4 86-351 and 86-280 had reduced relative p24 levels; however, cells transfected with ATF4 1-280 did not. Although a previous study showed that ATF4 without a DNA-binding function caused a decrease in MCMV growth ([@b15-bmb-51-388]), ATF4 with a deleted bZIP domain did not cause a decrease in HIV-1 production. This implies that the role of the transcription activation domain in HIV-1 production is more essential than that of the bZIP domain.

MATERIALS AND METHODS
=====================

Plasmid construction
--------------------

The pCMV/Flag-ATF4 plasmids (W.T., 1-280, 86-351, 86-280) used in this study and the primers used to construct them are listed in [Fig. 1](#f1-bmb-51-388){ref-type="fig"} and [Supplementary Table 1](#s1-bmb-51-388){ref-type="supplementary-material"}, respectively. The wtATF4 DNA fragments were amplified using PCR and digested with *Bgl* II and *Eag* I. Backbone DNA was digested with *Bgl* II. The inserts and backbone DNA were then treated with Klenow polymerase and then ligated.ATF4 mutants were constructed as follows: ATF4 1-280, 86-351 and 86-280 DNA fragments were generated via PCR amplification using pCMV/Flag-ATF4 as a template. The primers used, which are listed in [Supplementary Table 1](#s1-bmb-51-388){ref-type="supplementary-material"}, were chemically synthesized (COSMO Genetech Co., Republic of Korea). PCR products and Flag/NC (backbone DNA) were digested with *Bgl* II and *Hind* III. The NC region in the Flag/NC backbone were removed and replaced with the PCR products. The plasmids pNL4-3/GFP ([@b29-bmb-51-388]) and U3RU5/Fluc (U3RU5 is referred to as LTR in a previous study ([@b30-bmb-51-388])) were prepared and used for transfection as described previously. U3RU5/EGFP was constructed as follows: EGFP was amplified via PCR using U3R/EGFP ([@b30-bmb-51-388]) as a template and the primers listed in [Supplementary Table 1](#s1-bmb-51-388){ref-type="supplementary-material"}. The PCR products and U3RU5/Fluc were then digested with *Nco*I and *Xba*I. The Fluc fragments in the U3RU5/Fluc backbone were removed and replaced with the inserts.

Cell culture, transfection, and reinfection
-------------------------------------------

293T and MT4 cells were maintained in DMEM (Dulbecco's modified Eagle's medium) and RPMI (Roswell Park Memorial Institute Medium)-1640 respectively. Both culture media were supplemented with 10% fetal bovine serum (TCB, USA) and penicillin and streptomycin (GIBCO, Carlsbad, CA). The cells were incubated at 37°C in 5% CO~2~.

293T cells were transfected with plasmids using jetPEI (Polyplus-Transfection, France) following manufacturer\'s protocols. After a 24 h incubation, cells were harvested for further analysis. For the ATF4 knockdown, 293T cells were transfected with siATF4 or ntsiRNA (Invitrogen, USA) using lipofectamine following the manufacturer's instructions (Invitrogen, USA). For the reinfection assay, viral supernatants were harvested, and the same volume of viral supernatants was used to re-infect MT4 cells. At 72 h post-infection, GFP expression was measured through FACS analysis.

Luciferase assay
----------------

Firefly luciferase activity was measured 24 h after transfection. The protein concentrations of the crude lysates were determined using the Bradford assay (BioRad, USA). The luciferase assay was performed using the Luciferases^®^ Reporter Assay System (Promega, USA) and a luminometer (Infinite F200, TECAN) following the manufacturers' protocols. Relative firefly luciferase expression levels were determined by normalizing the values against RFP expression levels. The results are presented as the mean ± standard deviation of three independent experiments ([@b31-bmb-51-388]).

Fluorescence and fluorometry
----------------------------

GFP- and RFP-positive 293T cells were observed using an inverted fluorescence microscope (IX71, Olympus, Japan) and quantified via fluorometry (Infinite F200, TECAN). Transfected cells were observed using Axiovert^™^ software connected to a fluorescent microscope (magnification: 100×). GFP and RFP intensity were measured 24 h after transfection via fluorometry (Infinite F200, TECAN) according to the manufacturer\'s protocols. Relative GFP expression levels were determined by normalizing the values against RFP expression levels.

Western blot analysis
---------------------

Western blot was performed according to the protocols described in Molecular Cloning: A Laboratory Manual (Sambrook and Russell, 2001). Each sample was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% acrylamide gel and transferred electrophoretically to a PVDF membrane. The primary antibodies used were anti-Flag (Sigma), anti-HIV-1 p24 (Santacruz), anti-Fluc (Cal Biochem, USA), anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH), anti-beta-actin (abcam), anti-RFP polyclonal, and anti-GFP monoclonal (Clontech/Takara Bio Co, USA). The secondary antibodies used were HRP-goat anti-mouse IgG conjugate and HRP-goat anti-rabbit IgG conjugate (Zymed, USA). Specific protein bands were developed using LAS-4000 (Fujifilm, Japan). The density of each band was analyzed using the software Image J ([@b32-bmb-51-388]).

HIV-1 p24 ELISA
---------------

The amounts of p24 in each sample were determined using an HIV-1 p24 ELISA kit following the manufacturer's protocol (Xpressbio). Coated monoclonal antibodies against p24 epitopes were used in this kit to detect p24.

Statistical analysis
--------------------

Statistical analysis was performed using one-way analysis of variance (ANOVA) with GraphPad Prism software. The p-value of \<0.05 was considered statistically significant.
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![ATF4 is functionally required in HIV-1 production. (A) Western blot results of overexpression and Knockdown of ATF4. (B) Virus titer of viral soup was determined by p24^Gag^ ELISA then normalized by RFP level, % of Non-targeting siRNA. (C) Western blot results of viral supernatant and cell lysate. (D, E) MT-4 cells were infected with the same volume of viral supernatant generated from ATF4 knock-downed 293T cell. Resulting infected MT-4 cell, GFP positive, were observed by Fluorescent microscope and quantified by FACS analysis. The results are representative of four independent experiments. The means ± standard deviations of four independent experiments are shown. Statistical significance was decided by one-way analysis of variance (ANOVA); \*\*\*P \< 0.001 (B) and \*\*\*\*P \< 0.0001 (E).](bmb-51-388f1){#f1-bmb-51-388}

![Analysis of the effect of ATF4 and its derivatives on HIV-1 LTR activation (EGFP Reporter gene). 250 ng of U3RU5/EGFP and 100 ng of pCMV-myc/Tat (transactivator) or pCMV-Myc with 1 μg of pCMV-Flag/ATF4 derivatives or pCMV/Flag and 100 ng of RFP expression plasmid (pDs-red expression N1, internal control) were co-transfected into 293T cells for 24 hrs. (A) Cloning scheme of ATF4 derivatives. Amino acid numbers of the transcription activation/p300 interaction site, Zipper II domain, oxygen-dependent degradation domain (ODD), β-TrCP recognition motif, and basic and leucine zipper domain (bZIP) is designated at the top. Derivatives of ATF4 were exhibited at the bottom. (B) Images of 293T cells were detected by the inverted fluorescent microscope. (C) Western blot analysis. (D) Normalized relative band intensity of Fluc by RFP as an internal control and ATF4 derivatives. The results are representative of five independent experiments. The means ± standard deviations of five independent experiments are shown. Statistical significance was decided by one-way analysis of variance (ANOVA); \*\*\*\*P \< 0.0001.](bmb-51-388f2){#f2-bmb-51-388}

![The N-terminal and C-terminal domains of ATF4 are required for HIV-1 LTR activation (Firefly luciferase reporter gene). 250 ng of U3RU5/Fluc (Firefly luciferase) and 100 ng of pCMV-myc/Tat (Transactivator) or pCMV-Myc with 1 μg of pCMV-Flag/ATF4 derivatives or pCMV/Flag and 100 ng of RFP expression plasmid (pDs-red expression N1, internal control) were co-transfected into 293T cells for 24 hrs. (A) Images of 293T cells were detected by the inverted fluorescent microscope. (B) Western blot analysis. (C) Normalized relative band intensity of Fluc by RFP as an internal control and ATF4 derivatives. The results are representative of three independent experiments. The means ± standard deviations of three independent experiments are shown. Statistical significance was decided by one-way analysis of variance (ANOVA); \*\*P \< 0.01 and \*\*\*P \< 0.001.](bmb-51-388f3){#f3-bmb-51-388}

![The N-terminal domain of ATF4 strongly affects the late phase of HIV-1 production. 250 ng of pNL4-3/GFP with 100 ng of RFP expression plasmid (pDs-red expression N1, internal control) and 1 μg of pCMV/Flag or pCMV-Flag/ATF4 derivatives were co-transfected into 293T Cells for 24 hrs. (A) Images of 293T cells were detected by the inverted fluorescent microscope. (B) Virus titer of viral soup was determined by p24^Gag^ ELISA then normalized by RFP used as a control of transfection efficiency. (C) Western blot results of cell lysate and viral supernatant were shown. (D) Normalized relative band intensity of p24 by RFP as an internal control and ATF4 derivatives. The means ± standard deviation of five independent experiments is shown. Statistical significance was decided by one-way analysis of variance (ANOVA); \*\*\*\*P \< 0.0001 (B, D), \*\*\*P \< 0.001 (B), \*P \< 0.05 (B) and ns \> 0.05 (D).](bmb-51-388f4){#f4-bmb-51-388}
